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Gravity field measurements using cold atoms with direct optical readout

A. B. Matsko, N. Yu, and L. Maleki
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, California 91109-8099
(Received 4 October 2002; published 28 April 2p03

We show theoretically that measuring an optimum observable of an electromagnetic wave propagating in an
atomic medium moving freely in a gravitational field results in a sensitive detection of the acceleration of
gravity and its gradient. The best achievable sensitivity of such a measurement is comparable with that of
light-pulse atom interferometers based on measuring the atomic internal state. This optical technique is useful
for nondestructive detection of ultracold atoms in atomic interferometers.
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[. INTRODUCTION atomic cloud. The electromagnetic waves are nearly resonant
with an atomic transition having ground-state angular mo-

Pulsed-light atom interferometry has been successfullynentumF larger than the excited sta€ =F — 1. The reso-
used for precision measurements of photon recoil, inertiahant absorption is suppressed in this configuration due to the
acceleration, gravity gradient, and for other metrological apeffect of coherent population trapping. The second type
plications[1-10. In experiments based on this technique,emerges from the interaction of short light pulses with the
laser light is used to manipulate cold atoms through interaceloud, as in the usual atom interferometfs$ In this case,
tion with both the internal and external atomic states. Anythe light is far detuned from the corresponding atomic tran-
change resulting from the interaction with light and thesition to suppress the spontaneous emission. The population
atomic state is measured by probing the atomic energy levelf atomic levels is then changed via the stimulated Raman
populations. process.

The state of an atom may also be studied by detecting the The amount of information in both atomic and electro-
state of the photons. For instance, scattered light has beenagnetic channels varies depending on the photon number in
used for spatial observation of a Bose condensate, and digetected probe wave, and the total number of atoms. At first
persive nondestructive light scattering was used to observglance it might seem that the photon number is the parameter
the separation between the condensed and normal compof choice since an increase of the photon number may lead to
nents of the Bose gd41]. Probe light has also been used in an increase of the measurement sensitivity. It turns out, how-
the time-domain de Broglie wave interferomeffy2], where  ever, that the optimization of the measurements sensitivity
the atomic population is observed by scattering an off-with respect to light absorption results in an optimum photon
resonant traveling wave and subsequently measuring theumber that is approximately equal to the number of atoms
light properties, using the heterodyne technique. and, therefore, is very small. The measurement sensitivity

When light interacts with an atom, the atom changes itsscales inversely with the square root of the detected photon
internal state, but the interacting light is also left with annumber, if the atomic cloud is initially prepared in an opti-
altered state. Therefore, one can retrieve complementary immum coherent state and the absorption is suppressed.
formation by measuring the state change of light, as well as This result may be understood if one notes that the inter-
the atoms. For instance, if the interaction is refractive and théerometric measurement of the gravity field by optical
atomic population distribution is not changed, then the intermeans, as discussed in this paper, is based on the quantum
action results in a modification of the phase of the light field.nondemolition measurement of a projection of the momen-
Such an interaction may also cause a birefringence. Furthetym of the atom. This kind of measurements was recently
if the atomic population distribution changes, the photon disproposed for two-leve[13] and three-levelA atoms[14].
tribution of the light is affected as well. Such an interactionThe maximum sensitivity of such a measurement can be
may result in a dichroism. achieved for single photon scattering, as was pointed out by

In this work we propose an optically based approach tovon Neumann for the Doppler measurement scheme of a
the atom interferometry sensing problem that promises #echanical momentum projecti¢m5].
similar sensitivity to the conventional pulsed-light atom in- Concentrating on the observation of other properties of
terferometry, which detects atomic states. Our scheme ibght, we note that a phase measurement or observation of an
based on the detection of an observable of the probe lightiduced atomic medium birefringence may be performed di-
that interacts with the cold atoms. We show that the bestectly or via polarization rotation. Polarization rotation mea-
sensitivity of this technique is achieved if one measures asurement is an effective spectroscopic tool for measuring a
optimum observablavhich may be either a phase shift of the change in the phase of light. Indeed, it allows a precise mea-
probe light, or light polarization, or the photon number, de-surement of magnetic fields and fundamental constants. The
pending on the particular experimental conditions. sensitivity of the measurement is generally determined by

As is shown below, the first type of interaction mentionedthe width of the resonance that is induced in a coherent
above appears when two counterpropagating circularly polamtomic medium. Very narrow resonancesX Hz) achieved
ized quasicontinuous electromagnetic waves interact with arecently in atomic gas cells result in a sensitivity of 10G
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in magnetic-field measuremeft6]. This type of experi-

ments are based on the energy shift of atomic Zeeman suk
levels, which results in circular birefringence and leads to a
polarization rotation of the probe light propagating through

the medium. == 4
Similarly, when a moving atom interacts with counter- Té

propagating light having opposite circular polarization, the »  PS[ A <]

Doppler effect induces an effective frequency shift. This shift fvl J"A"M

can change the detuning of light from the corresponding VA==

atomic transition in a manner similar to the Zeeman shift in 4 Z|

the magnetometry application. Consequently, two counter- PBS

propagating circularly polarized waves, initially produced by
a decomposition of a linearly polarized light and recombined

after the interaction with a moving atomic ensemble, will £ 1. Measurement scheme. A three-level atom interacts with
produce a polarization rotation proportional to the atom Ve, counterpropagating waves having the opposite circular polar-
locity. An appropriate filtering procedure may be used tOjzations. The atomic motion results in detuning of the fields from
eliminate any initial velocity spread of the ensemble of at-the corresponding atomic transitions in the atom’s frame of refer-
oms, and to retrieve information about the value of the acence. This detuning results in a change of the index of refraction for
celeration of the atoms. the waves that may be measured in the interferometric scheme.
One may also directly detect a phase shift of the probe
light propagating through a moving atomic cloud driven by a  The detection of light absorption imposes a restriction on
coupling field, instead of the polarization rotation measurethe quality of the light source, which must have low intensity
ment. This scheme is similar to a coherent magnetometeand frequency noise. Moreover, light absorption and conse-
proposed in Ref[17], and the sensitivity and properties of quent fluorescence result in heating of the atomic cloud.
such a device are similar to those based on the polarization An efficient method for low noise detection of cold atoms
rotation. based on modulation transfer spectroscopy was proposed
To obtain a large change in the phase of light that propavery recently[18], where the balanced detection technique
gates through a moving atomic medium, the atoms shoultvas used to suppress laser induced detection noise. Our
possess a narrow spectral feature. Atoms af-gype energy  method is complimentary to the existing techniques. It has
level configuration are convenient for such a scheme becauske advantages of the balanced modulation transfer spectros-
narrow features can be readily obtained from two photorcopy and does not require introduction of substantial changes
resonances. Generation of a slow group velocity of light ando the already existing atomic fountain setups. The measure-
nonlinear resonant polarization rotation, for example, resuliment sensitivity of our method is particularly attractive when
from such an interaction. the atomic density is high and the total number of atoms in
Atomic fountains are widely used for precision measure-the cloud is large.
ments with pulsed light. When short coupling pulses are used In the gravity gradiometer applications there is a distinct
in the experiments, the phase of the light pulse is hardlyadvantage for probing the light field directly. We show that
changed, in contrast to that of the quasi-cw light discussedith this scheme it is possible to read out the gravity gradient
above. We show that a detection of the photon number of theirectly with a single measurement. This approach simplifies
pulses used for the manipulation of the atomic state in thehe experimental setup, but it may also further reduce the
fountain may become a source of additional informationcommon-mode noise associated with the measurement of
about the number of atoms participating in the interaction, aseparate atomic ensembles in the two accelerometers of the
well as the interferometer’s signal itself. These optical methgravity gradiometer.
ods of the atomic population measurements may relax some The paper is organized as follows. In Secs. Il and IIl we
technical limitations of existing measurement techniques. focus on the properties of polarization rotation accelerometer
To achieve higher accuracy in fountain measurements thand gradiometer and show that the maximum sensitivity of
number of atoms participating in the interaction must be exthe technique is nearly the same as that based on the light-
actly determined. In conventional fountain experiments, theulse atom interferometer. In Sec. IV we describe the pulsed
preparation uncertainty of the atomic clouds typically ex-mode of the optical measurement in the fountain-based gra-
ceeds the quantum projection noise. Thus, most clocks andiometer.
other fountain base atom interferometers approach shot-noise
Iimiteq sensitivities via §p¢cial normaliz'ation procedyres. Il. MEASUREMENT SCHEME
To improve the sensitivity of measuring the atomic num-
ber, either fluorescence measurements or measurement of ab-Let us consider a -type energy level schenieee Fig. 1
sorption of the probe radiation is used. For instance, fluoresnse) interacting with two resonant counterpropagating light
cence detection works quite well in a differentially pumpedwaves with electric field€, and E_. The corresponding
system used in the majority of fountain clocks. The sensitiv-Rabi frequencies for the fields afe. =p . E. /1, wherep .
ity of the fluorescence detection may be hindered, howeveare the dipole moments of the respective atomic transitions,
because of the background noise due to the thermal atomswhich for the sake of simplicity we assume are equal (
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=p). The population radiative decayy? of the exited level

|a) is given by the expression, =4w3p?/(34c®). The de-
cay rate of the populations of ground state levels as well as
the decay rate of low frequency atomic coherengds de- y
termined by the atomic interaction time with the laser beam. [
A possible configuration for the experimental setup is =
shown in Fig. 1. A linearly polarized wave is decomposed Y
into two linearly (horizontally and vertically polarized light v PO
Y
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waves via an input polarizing beam splitté?BS that is |
orientated at 45° with respect to the incoming light polariza-
tion. The linearly polarized light waves are transformed into
circularly polarized waves via/4 wave plates placed after g 2. Measurement scheme for measurement of the gravity
the beam splitter. After the interaction with the atom cloud.fied gradient. Two clouds of three-level atoms interact with two
the waves propagate through the saoveplates and become  counterpropagating waves having the opposite circular polariza-
linearly polarized waves emerging through the second port ofions. The gravity field gradient changes atomic velocity and this
the input beam splitter. results in the change of the phase of the electromagnetic waves.
The information about the atomic velocity is stored in the
relative phase shift of the waves$? proportional to the term a;—a, may be removed by filtering. If the average
Doppler frequency shifs. To measure it we first send the number of atoms in both clouds is the same, ther b, and
beam through anothev/4 plate rotated at 45° with respect to the setup gives us information abayx;) —g(x,), i.e., the
both polarizations, as in a polarization analyzer arrangemengyradient of the gravity field. If the number of atoms in the
The polarization rotation and the light intensity can be meaclouds differ by an unknown valuA N, the measurement
sured by the two photodetectodd andd2 at the second has a maximum sensitivity to the gradient determined by
PBS output ports. The signals from these photodiodes ar&g/g>AMN/ N, whereN is the average number of atoms in
proportional to (1/2)P,+P_x2\P,P_sin2¢), where the cloud.
P, andP_ are the powers of the circularly polarized com- It should be emphasized here that if the number of atoms
ponents of the field. Therefore, the sum of the photocurrents each cloud is different, but known, the sensitivity limita-
yields the total output power, and the difference of the photion is removed. The scheme gives information about both
tocurrents gives the polarization rotation anlé]. the acceleration of gravity and its gradient, which may be
The polarization rotation angle is a linear function of the separated by a filtering procedure. The numbers of atoms in
atomic velocity,¢(t) =a+bgt, wherea andb are some co- both clouds may be obtained after the interaction via a sepa-
efficients, the exact meaning of which will be explained inrate measurement.
the following sectionsg is the gravity acceleration, artds
the time. The value o& is unknown due to the initial uncer- [l. EQUATIONS OF MOTION
tainty of the atomic momentum. By an appropriate usage of
a filtering procedure, i.e., by measuriff@(t) ¢(t)dt, it is
possible to filter out the unknown parameteand, hence, Let us consider an atom that moves in the gravity field
avoid the influence of uncertainty in the initial external de-and interacts with two counterpropagating light beams. The
grees of freedom of the atomic state on the measuremeikinetic and potential energies of the atom are
sensitivity. This filtering procedure, discussed in detail in 5
Sec. IVA, is similar to the measurement strategy described T mo™ Ve )
in Ref.[20]. T VEmex
If we place two atomic ensembles in the two different
arms of the laser beam path, as shown in Fig. 2, the polaiwherev is the projection of the atomic velocity on the direc-
ization rotations induced by the two moving media of thetion of light propagationwe consider a single dimensional
same velocity directions have opposite sign. For example, imode), m is the mass of the atom, arglis the gravity
the left atom ensemble has& shift for E, and — &, for ~ acceleration. For simplicity we assume that the acceleration
E_, then the right atom ensemble has-a; shift for E, ~ does not depend on the atomic coordinate.
and 52 for E_. In such an arrangement, a Sing|e phase mea- The interaction energy OfA'ConﬁgUration atom and two
surement gives the velocity difference between the twgsounterpropagating light waves can be presented in slowly
atomic ensembles, provided that they have the same averayarying amplitude and phase approximations as
number of atoms. Since the two ensembles share the same

]
i

A. Interaction Hamiltonian

laser system, the measurement gives the noninertial gravity V.=t v o - )
gradient. 1 OC( b+b+ b7b7)1

Again, an appropriate filter function will recover the ac- R R
celeration difference of the two atomic ensembles. The po- Vo=—haQ 0y a— R Q_o,_,—adjoint, 3

larization rotation in the scheme is equal #h=a;—a, )
+[b19(x1) —bog(x,)]t, wherex; andx, are the spatial po- where oy;=|i)(j| is an atomic operator is the speed of
sitions of the atomic clouds. The momentum uncertaintylight in the vacuum{).. are the Rabi frequencies of the two
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optical fields, and).=p . E. /A, E. is the electric field This allows us to reduce the Hamiltonian that describes

amplitude. The interaction enerdy; results from the linear the behavior of atomic internal degrees of freedom

Doppler effect that leads to the two-photon detunifig

_ i hk?\ .

= wgv/c of the electromagnetic fields from the correspond- H _) ol

ing atomic transitiongsee Fig. L 2m) 22
Finally, energy of the atom interacting with the fields may . N

be presented in the slowly varying amplitude and phase ap-  —#(Q 04,1+ Q_0,_,+adjoiny, (12

proximation as

A—

ik . .
a:ﬁ[P(o)_mgt](o'b+b+_O'b—b—)+ﬁ

where we have used the normalization conditiop. p-
V3:hA0-aa, (4) +a’b_b_+(}aa:1.

] o ) ) From the above Hamiltonian, the time-dependent equa-
whereA is the velocity independent single photon detuningiions can be generated:

of the fields from the corresponding atomic transition. Again

mg gzmgr frequencies of the optical fields are assumed to be — (Qia—bia_ﬂla—abi)v (13)
To describe the evolution of the system it is convenient to PSRN ] . - ) -
introduce the Lagrange function Taps =1(AF 8)0aps +10:(0aa= Tprps) ~1Q50ps ba’4)
£:T_V_V1_V2_V3, (5)

Tobps=—2i 00y ps +1Q,0p_a—iQ oaps, (15
and find the generalized momentum of the atom b-b* b-b* +Tbma ab

where
&E ﬁa)o ~ ~
P:%:mU_T(O'b+b+_0'bfbf)- (6) . A K2 . K oo t
o ' =A-5 o 6= [P(0)—mgt].
The Hamiltonian of the system is
2 Therefore, the motion of atoms in the gravitational field

ﬁwo ~

H=vP—L= T P+ T(Ub+b+_‘}bfbf) results in a time-dependent two-photon detuning of the cor-

responding atomic transitions driven by the electromagnetic
IRVIRVARVE @) f|_elds. If the grawtanonal field is small (lano.ugh or if the car-
rier frequencies of the electromagnetic fields are properly
The same result may be obtained if we start from theAdiusted, one may considéras a slowly varying function of
Hamiltonian[13] time. The two-photon detuning results in a change of the
index of refraction for the electromagnetic fields to be mea-
- P? . . - sured experimentally. To describe such a measurement prop-
H= S5 T MOxtidoaa— (ALl oy, 48" erly, we have to introduce decay terms into the system that
does not follow from the Hamiltonian.
+1Q_0oy_e **+adjoini), (8)
C. Propagation problem
wherek, andk_ are the wave vectors of the light beams . . . .
* 9 Let us consider the interaction of the electromagnetic

with k. =k-=k, Pis a generalized momentum of the atom. aves with a cloud of atoms. The stationary propagations of
To remove the dependence of the interaction energy o e right and left circular olérized electric f)i/e?d c%n? onents
the atomic coordinate we introduce a unitary transformatio 9 : P . P
hrough the moving atomic cloud are described by the Max-
_ vl o - well equations in the slowly varying amplitude and phase
U=exdikX(op+p+ —0p-p-)]- 9 approximation

Then the evolution of the transformed state vectdr)

~U-YF) is described by the Hamiltonian7) H d—XEi(x)=i2mw0piNaabi(x), (16
=U"'HU. The kinematic atomic momentum may be intro-
duced asmv=U‘1PU=P+ﬁk(&b+b+—frb_b_). where N is the atomic number density. are the dipole
moments of the respective transitions, amg,. are the
B. Hamiltonian equations c-number analogs of the atomic lowering operaté'rasbr

=|a)(b.|. Analytic expressions forr,,. can be obtained

Using Eq.(7) we derive equation of motion for the atom : ; X
from the stationary solution of thenumber Bloch equations

P=—mg, (10)  for the atomic populationfcf. (13)]
which has an obvious solution Th-b-="—Yor(Ob—b-— Ohibs) + ¥ Taa
P(t)=P(0)—mgt (12) —i(Q% g4, —c.C),
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&b+b+:70r(0b—b——0b+b+)+ Y10aa—1(QYoap —C.C), ’ |Qo|? Yo¥r (L
|Qi(x)| = 2 _K|Q |2 E_
and polarizationgcf. (14,15] 0
2 2 2
Yovr (L YoYr
- . . 2 — _
Tapx= ~Laps Oaps —1Q . (Oprps =002 —1Qz0pzps, + \/K |Q |4(2 X) KL|Q |2+1 )
(17) 0 0

(23

" _ i * .
Tp—b+= " Lpbr Opps =10 00+ 0p_a, Therefore, steady-state transmission of the light having

(18) high enough power through the slowly moving medium can

) ] be characterized by the parameter
where the generalized decay terms are defined as

W 3
Yor . ~ = out 4 2 2L ')’O'er’
Fath'y-l—?—l(AI 5), (19 Wi 4w |Q|

(24)

where W, ,; and W,,, are the powers of linearly polarized
Ib—p+ =70t yor +2i6. (200 light before and after the interaction,is the wavelength of
light, N is the atomic density, and is the interaction length.
y, is the radiative linewidth of the transitiga)— |b.), yis ~ The approximatiorQ(L)|?>6yy, sets an upper limit for
the homogeneous transverse linewidth of the optical transithe losses, such thatdy>6yvy,/|Q(0)|?.
tion |a)—|b.), v, is the transverse coherence decay be- Similarly we find the phase equations
tween the ground levels, ang, is the incoherent population
exchange rate between the ground levels. We have disre- d
garded Langevin noise forces in Eq47) and (18) associ- &d)i:
ated with spontaneous emission and collisional decay pro-

cesses, since it was shown in REL7] that these atomic o o . .
; - N The polarization rotation is determined by the relative phase
noise types have a negligible effect on the sensitivity of a

magnetometer that works by using the same principles. gnttr}[ﬁ;[utpugof_the sgst_egﬁz([féLf) ;rﬁéo)(]zlé)' AssuLm—
We calculate the stationary solutions of the Bloch equaI 9 $.(0)=¢_(L)=0 we get, fr gs(29), ¢-(L)

(29

tions by considering only the lowest orderyg, yo,, andé. =~ ¢-(0) and

We also assume, for the sake of simplicity, tiat 0. We KL 7.8 P Yoy

find b= —f " dx=—s—In| 1- kL5 (26)
2Jo |Qf? 270 Q]2

H 2 2
o = IQZ(70|Q:| + Yor| Q-+ | 2) Using Eq.(24) we present the solution in the form
©1QIA2A2y0 + v0) T1Q7]
wy P(0)—mgt
«|Q<] (21) $=" %2 mc 7

+
Q12920+ v0) + Q[
wherewy is the carrier frequency of light. Both parameters
where |Q|?=]Q_|?+|Q.|%. Usually the coherence decay and ¢ can be measured simultaneously. It is worth noting
between the ground levels dominates the population exthat the rotation angle does not dependygrfor very small
change. However, in our case this rate describes the initiao-
preparation of atomic beam ang~ vy, .

We consider the spatial evolution of amplitudes and IV. MEASUREMENT SENSITIVITY
phases of the complex Rabi frequencies separately,
=|Q.|€?=. The intensities of the two fields are attenuated A. Measurement strategy
in the same way A direct measurement of the polarization rotatigrgives

the information about the acceleration, as well as about the

d , Yoy, | Q-] initial generalized momentur®(0). Theinitial momentum
&|Qi| = > (22 is uncertain because the initial atomic velocity and the pho-
6oy +]Q| ton number in the fields are uncertain. It is possible to avoid
the influence of this uncertainty via a certain filtering proce-
where k= (3/4w)NA2. dure[20].
Assuming that |Q(x)|>>6yy, and |Q,(0)|? The difference photocurrent is
=10 _(L)[*=[Q0ol72, |Qo|*=]Q [}, +|Q |}, we solve - ;
Egs.(22), |_~i(ELE_—E_E,). (28
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We present fielde as a sum of an expectation value part - wg P(0) T
and a quantum fluctuation paf=(E)+e, |N1”2|<E+>||<E—>|% m_cln”jo G(t)dt,
Jo Ve e (29 T
e= —a,e '"dv. ~ )
o VAc IN2~|fOG<t>[|<E_>|(e1—e+>+|<E+>l<e_—ei>]dt.
Here (E) is the expectation value of the field| is the ef-
fective cross-sectional area of the beam, apds the anni- Because the momentuf(0) may be large and not nec-
hilation operator, whose commutation relations are essarily quantum limited, we restrict ourselves to the class of
filter functions such that

[a,.a,]=0, [a,,a ]=8r—v"), (30) :

where v=wq+ w, with side-band frequencies. An effec- fo G()dt=0. (36)

tive side-band frequency range is determined by the spectral

properties of the medium interacting with the radiation andin this casd _ does not depend on the initial atomic momen-
by the measuring device, and is usually much less than thﬁJm uncertainty] y, = 0.

carrier frequency<wo. Then The acceleration measurement sensitivity, i.e., the mini-

_ hawo (= _ mum detectable signak(Agmn) is determined by the noise
e=e ' \/Eﬁxa(w)e “ldo. @D Jevel ((TR,)2 To find the optimum filtering procedure we
maximize the ratio of these values
We assume thatl) the quantum fluctuation part is much
less than the mean amplitude of the fields &cthe atomic S TS
acceleration may be written @&s=g,+ Ag, whereg, is an —= . (37
expectation value andg is the unknown signal. The differ- N V{2,)
ence current may be presented as a sum of the signal and

noise partd _ =g+ Iy, + 2, Where To simplify Eq. (37) we note that the averaged light
power is
(O] Agt
IS~2|<E+>||<E,>|%TIm;, (32 Ac ,
<Wt>—§|<Et>| , (39
wo P(0)
|N1~2|<E+>||(E—>|7—0 W'”ﬂ, 33 5o the average photon number emitted by the laser during
time T is
Ine~i[(E-)[(el—e ) +il(E;)|(e_—el). (39 WT
The photocurrent is a classical entf30]. Therefore, we = hwy (39

may apply a filtering procedure to it even after it has been _ _ _
recorded. The measurement sensitivity depends on this pré&or light in the coherent state we derive from Eg1) an

cedure expression for two nonzero field moments:
~ T T 2mhwg
=] Gmi_(dt, (35) (e-(Del(t) = == a(t—t"), (40)
0
or on the appropriate choice of the filter functiéift). T_ is It is convenient to presenf)(0)| and » in terms of the

not a function, but a number. The filtering procedure generiotal photon numben;,=n, +n_:

ally may be understood as a number inferred from the re- )

corded data, which contains the maximum information about 10(0)[2= SA Ty n. (41)
the signal and, at the same time, the minimum information 8mAT '’

about the noise. For example, in the case of a known signal

shape and white noise, the shape of the optimum filter func-

tion coincides with the shape of the signal. A signal that 77=1_2n_in YoT, (42
changes linearly in time may be detected with the best sen-
sitivity if one measures the slope of the data curve. whereN'=ALN is the total number of atoms interacting with
_Let us flnd_ the numbers that correspond to the signal anqght, L is the length of the interaction region, antlis the
noise determined by Eq$32)—(34): cross-sectional area of the light bedme assume that the
Ag . area coincides with the size of the atomic clputhe mini-
~ (O] .
[~ 2(E)|(E_)|— _|m7f tG(t)dt, mal value of the decay rate of the atomic coherence may be
Yo C 0 estimated as
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1 by the interaction with light. This optical pumping results in
270~ 7 (43 the absorption that is taken into account by,2 1/T.
If the atoms are initially prepared in the dark state, no
We now can find absorption occurs. The signal and noise currents are then
modified:
~ ZWﬁwo) o 2 (T
ls=| ——|Nou—AgT?n —fthdt 44 N gt
s ( Ac |Moug A9TINT 25 1G] (44 5~ 2/(E DI (EwoTo o “7)
n
and
| 2(E E TN P(0) 48
N1~ 2[(EL)[[(E-) | wo iy, mc’ (48)

27hwg)? 1
Nout

T 2
?JO G (t)dt}. (45)

(R = (T | T | T
Ina~i[(E-)| (el —e ) +iEy)|(e-—el). (49
The ratio(37) transforms to

The corresponding rati€87) is

2 (T
" Ffo tG(t)dt

2 (T

S wg 7 —f tG(t)dt

—=—AgT?/M—|In 5|? 72- S  w N T?Jo ®

N ¢ 1-9 1(T -2 T2\//T[ R

?f Gz(t)dt N c g Nin 1T 5 172-
0 Z
(Tfo G (t)dt)

Let us choose the filter function &(t)=t/T—1/2. Then _ _ _
condition (36) is fulfilled and Eq.(46) is given by Using the same filter functio®(t)=t/T—1/2, the above

equation transforms into
1/2

2mwgT?

S_wo 2\[ n )
N_FAQT %{1_ﬂ||n77| §: \/N
N

3\
The term in brackets has a maximum about unity for V3

~0.2, which means that there is a condition for optimum  There are not any restrictions or, now because there is
photon numben;,=N\. Hence, the maximum of Eq46) is  no absorption. The sensitivity increases as the atomic num-
ber (not as a square root of the atomic numbeecause all
S NZWAgTz\/N 4 the atoms are in the same state.
N maxw NE ' (46) According to Eq.(50), it may appear that the maximum
sensitivity is achieved for a single photon scattered from the
which can be further improved by a better choice of the filteratomic cloud. However, our analysis is based on the assump-
function. The minimum detectable signadlg,,, can be tion thatn;,>1 and on the steady-state solution of the prob-
found from Eq.(46) by writing (S/N) nax{AGmin) = 1. lem.
It is worth noting thatAg,, is V3 times worse than that

of a conventional atom interferometer operating at the shot- C. Measurements of atomic velocity

noise limit[6,7]. If the initial momentum spreaB is small,
the optimum filter function isG(t) =t/T and thenAg,;, is

N
n_in.

(50

The measurement described here is a quantum nondemo-

213 1 better than that of tional atorn interf liton measurement with respect to the generalized atomic
imes better than that of a conventional atom INterer, 5 yantymp, Eq. (6). The measurement scheme also gives
ometer. This is one of the main results of our paper. W

) . . eprecise information about the initial velocity of atoms with-
should stress here that this result was obtained without th8ut changing it. In fact, the atomic velocity is not changed by

direct cons@eranon of .th? quantum projection noise. the interaction if the final level population is the same as the
The maximum sensitivity46) depends on the coherence j ol jevel population| 14].

decay ratey, which is chosen to obey to conditicd3). Let us consider performing a measurement on the velocity

Depe?‘d'”g on the parucular_ atomic level structure and th%(O) of an atomic cloud. If the atoms are initially prepared in

expenmental .S(?IUp express@AS) m|ght have a different |b,) state the generalized momentum is determined by the

numeric coefficient, which will result in change of the nu- initial atomic velocity and by the constant value of photon

meric coefficient in Eq(46). recoil momentunP=muv (0)— 7%k [+ (0)=1]. Accord-
ing to our calculation this initial value of the momentum
stays unchanged in time if there is no spontaneous emission.
In the above consideration we have introduced a coher- The measurement sensitivity 0{0) is hindered by the
ence decay rate,, which is determined by the interaction shot-noise fluctuations as well as by the back action of the
time of the laser and the atoms. This phenomenological ratelectromagnetic waves due to the atomic nonlinearity. The
shows that atoms initially are prepared not to be in the darlatomic nonlinearity depends on the two-photon detuning
state. One half of atoms should be pumped into the dark statghich is proportional to the average generalized atomic mo-

B. The role of the coherence decay rate
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mentum(P). This back action may be compensated by aproportional tos?. Generally, if the interaction in the system
constant two-photon detuning, such that §,=— 6= occurs without populating the excited state of the atom, the
—nk(P(0))/m. In a real experimend, can be introduced as gradient ponderomotive force vanishes. This is true for the
a frequency difference between the pump and probe beamsingle-photon resonant interaction &fatoms and light, con-

The signal and noise for atomic velocity measurementsidered above, as well as for the off-resonant interaction con-
are sidered in the following section.

wg v(0)

ls~2[(E N (E_)|— Inz, (52) E. Discussion of the polarization measurement scheme
Y © An increase of the atomic beam size during the interroga-
IN~i|<E,>|(e1—e+)+i|(E+)|(e,—e‘:), (52) tion time does not_significantly influence the signal-to-noise
ratio. Let us consider the case when the laser beam has a
where we assume thitE_ )|=[(E_)|. cross-sectional ared=const that exceed the atomic beam
Keeping in mind that the optimum filter function is a con- area at any moment of time. The cross-sectional area of the
stant now, ratid37) has a form atomic cloud increases ad,=(Ag?+vt)?, wherevy is
the average thermal velocity of atoms. The interaction
S 47TU(O)T\/— 7 il v length, which is given by the length of the atomic cloud,
N I 1- 77| n| ' increases as welk=Ly+v+t. The laser beam may be con-
sidered as two fields, one of which interacts with the atomic
which has maximum cloud and another does not. The effective phase shift of the
S 4m(0)T combiged fields may be estimated @s= ¢(Ay/.A) ~ N A,
N~ T\/N (53)  whereg is the phase shift for the light that interacts with the

atoms. Therefore, once the atomic cloud is entirely over-
- . . lapped by the laser beam the atomic spread in space does not
D. Role of finite time duration of the light pulses change the signal, and the signal is determined by the total

The measurement scheme discussed above is based on thénber of atoms and the area of the laser beam. The same is
atomic coherence and requires an optically thick atomic mevalid for the absorption of light if the system is in the EIT
dium for better sensitivity. Under such conditions the influ-regime (the absorption is small Therefore, the shot noise
ence of the dipole gradient forces resulting from a finite du-émains unchanged. o _
ration of the probe light pulses might become imporfaii. Let us now c_ilscuss the restrictions of the scheme. First qf
It is known that the ponderomotive force acting on a two-@ll, the absorption of the system should be small. The condi-
level atom is enhanced significantly in coherent mg@gj.  tion for sustaining coherent population trapping requires
We show, however, that for the case of a three-level mediun®|Qol > ¥:vo. For the optimum field power this expression
such forces are small. may be rewritten as

To find the gradient force we use the Hamiltonian

P? fik _ . -
= 5m T 1y Plobeps —0p-p-) 1

3
2 =
O.Zﬁ)\ LN>1. (56)

k?\
H A—m OJaa

This condition simply poses a restriction on the atomic den-
— Q. (t=XIvg) 1 4+ Q_(t+X/vg) Ty ,+adjoing,  sity. It shows that the medium should be optically thick
(54) (3\°LN/87 shows the number of Beer’s absorption
lengths.
whereu is the group velocity, the values of Rabi frequen-  The absorption problem may be solved by an appropriate
cies of the counterpropagating fields have finite envelop®reparation of the initial atomic state. The coherence decay
and, therefore, depend on coordinateWe assume that in 'ate, introduced phenomenologically, serves only the situa-
our systemuv > P/m, which is not always the case for an tion when atoms enter the interaction region without any
electromagnetically induced-transparend§IT) medium coherence and the population is distributed between their

[22]. ground states with equal probabilities. If atoms are initially
The equation of motion for the atoms may be found fromoPptically pumped, say, intéb. ) state, and the field _ is
Eq. (54), switched beforée | , the spontaneous emission may be sup-

pressed significantly iflQ|?T¢/y,>1, where|Q]| is the
. d - - o maximum Rabi frequenciwe assume thap,>|Q|) and T,
P=h—[Q.(t=Xvg) oy ot Q_(t+X/vg)op_at+adioind. s the switching-on-and-off-timeT>2T,).

(55) It is interesting to mention here that conditi¢h6) also

serves as the condition that measurement finghould be
It is easy to see from Eq$21) and(55) that if the system long enough to prepare the atoms in the “dark stdtehot
adiabatically follows the dark state determined by the coherinitially establishegl In fact, the preparation time for a co-
ence population trapping, the gradient term of the force actherent population trapping, which is y/|Q|? (we assumed
ing on the atoms is small. Estimations show that this term i$Q|<v), should be much less thah~1/y,. Hence, the
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steady state may be formed for time scales such that
|Q(0)]2T>y,, orn,>4mAlBN?=1.

Another condition is that the detuning from the two-
photon resonance should be kept within the width of the
resonancen|Qo|?>|8|y,. This condition is stronger than
the previous one becaugemight be much bigger thany.

For example, in the case of atomic fountaipg|/y,
=8wL/\>1. This condition can be substantially relaxed if
one tracks the major Doppler frequency shift by constantly

sweeping the frequencies of the two circularly polarized [, 3. Lambda scheme. A three-level atom interacts with two
waves depending on the average atomic cloud velocities. counterpropagating wavé;, andE,. The atomic motion results in
Finally, there is a condition that restricts the measuremengetunings of the fields from the corresponding atomic transitions
time from below:T|Qo|?> v, VBNZLN/87 [23]. This condi-  in the atom’s frame of reference.
tion follows from the solution of the propagation problem in
optically thick medium and can be easily implemented ex- Atomic fountain devices usually utilize long-lived
perimentally. ground-state hyperfine transitions to obtain narrow interfer-
It is clear that the scheme is most useful when atoms arence fringes. It is convenient to describe these experiments
first prepared in the dark state. Otherwise, its usefulness isy using atoms in a\-type energy level configuration. We
limited in practice for the state-of-the-art experiments. Forconsider aA-type atom interacting with two counterpropa-
example, one could not operate the laser intensity at its opgating coherent electromagnetic wav@sg. 3). The waves
timal level while the two-photon Rabi frequency is large are far detuned from the corresponding one-photon atomic
enough to cover the residual thermal velocity spread of theransitions and are nearly resonant with a two-photon atomic
atoms. On the one hand, these difficulties may be avoided byansition. While the excited stata) has a short lifetime, the
using very cold atomge.g., Bose-Einstain condensat®n  ground statesb) and|c) have a long lifetime. Under these
the other hand, both conditions above can be satisfied if theircumstances the spontaneous emission from the excited
lasers are pulsed. For example, one may utilize the samstate may be greatly reduced and the three-level configura-
wl2—w— /2 pulse sequence in the atom interferometrytion may be transformed by a unitary elimination of the ex-
schemd6]. The measurement of a change in photon numbetited state to a two-level system coupled by an effective
of the pulses due to the interaction gives information aboutwo-photon Raman field.
the total number of atoms in the atomic cloud, as well as Because in such a Raman-type configuration the probabil-
about the acceleration. The properties of the scheme are digy of spontaneous emission is rather small, any population
cussed below. transfer from statéc) to state|b) and vice versa is accom-
panied by an absorption or an emission of a photon in one
electromagnetic field, and emission or absorption, respec-
tively, of a photon in the other electromagnetic field. Using
this connection between the photon number and the atomic
We propose to utilize the Raman optical pulses used irstate population we may retrieve the information about the
light-pulse atomic interferometry for retrieving information atomic number, using the light.
about the number of atoms participating in the interaction as The main problem here is that the sensitivity of such a
well as about interferometer’s signal itself. The measuremenneasurementdecreaseswith increasing photon number,

V. NONDESTRUCTIVE OPTICAL DETECTION OF
ULTRACOLD ATOMS FOR ATOMIC INTERFEROMETRY

technique has several advantages. while the sensitivity of atomic fountain experimeniis-
(1) The balanced measurement is possible, which magreaseswith the photon number, much like the above de-
reduce the common-mode noise. scribed polarization rotation measurements. We show, how-

(2) The change in the photon number of the pulses resultgver, that quite a good sensitivity of the measurement may be
from the interaction with cold atoms only. Background atomsachieved under some optimum conditions.
at room temperature do not interact with the fields because A full discussion of the light-pulse atom interferometer
they are far-off resonance. This allows operating the atonfas been given in Reff6] for atoms with theA -type energy
interferometer with a relatively high vapor pressure withoutlevel configuration(Fig. 3). Briefly, a w/2-mr-m/2 pulse se-
the large interfering background. quence is applied to coherently divide, deflect, and recom-

(3) As in the previous cw scheme, the differential accel-bine an atomic wave packet. All the atoms are initially pre-
eration may be obtained with a single light signal measurepared in statéb). The counter propagating electromagnetic
ment. wavesE,; and E, create am/2 Raman pulse that prepares

For the case of moderately cold atomic clouds the residuaitoms in a coherent superposition of the ground states and
Doppler broadening of the ground-state transition is about 58plits them into two wave packets in space. Subsequently,
kHz, which requires high laser intensiflarge photon num- delayed by timeT, 7 pulse exchanges populations of ground
ber in the case of continuous wave lagdrsachieve a sig- states|b) and|c). The atomic clouds meet again in space
nificant interaction with the majority of atoms. For the after timeT due to thew pulse. Finally, a time-delayed/2
pulsed lasers we may maintain a high laser intensity angulse causes the interference between atomic wave packets.
small photon numbers, at the same time. This interference may be detected via a measurement of the
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number of atoms in state), for example. In what follows  that the durations of the pulses/2-7-7/2) are much less

we show that one can retrieve the interferometry informationthan the time intervals between the puls&$. (

by directly measuring these light pulses. The evolution of the wave function is described by the
To describe an interaction of a three-levelatom we use  Schralinger equation

the Hamiltonian in slow amplitude and phase approximation:

J i~
HIfi= Aoyt 8(o— o) —[|a)(c|Q1 +[a)(b|Q,+ adjoint], sl ) == 7Hlwm), (63
(57)

) ] which results in set
O,=p.E,/h andQ,=p,E,/h are the Rabi frequencies for

the electromagnetic field§; andE, are envelope functions |Q4]2— Q|2 _ Q;Ql
of the electromagnetic fields interacting with the atam, B= _'(5_ A )B_' A
=la)(al, o.=|c)(c|, p, andp, are the dipole moments of
transitions |a)—|c) and |a)—|b), A=(wap+wac— ®1 _
—w»,)/2 is the single-photon detunin@= (wap,— ®Wac— @1 C=
+ w,)/2 is the two-photon detuning.

We proceed by removing stala) via canonical transfor-

C, (64)

i| o—

Q42— Q|2 (930}
|Q4q]%—] 2|)C—i 12 65

A A

For the sake of simplicity we assume that the optical Raman

mation H = exp©H exp(~9). Under the condition\ > 5, pulses are very short and classical, such that for the pulse
Q Q acting from timet=0 to t=7 we are able to exchange
_ 'S T2 A (1)~ 8(7/2). Then, during the interaction with the light, the
S=|a)(c +|a)(b adjoint. 58
l2)(c] A 2ol A ) 8 evolution of the system is described by

Then the Hamiltonian transforms to

B(t)= B(O)( cog Qt)—i % sin(?)t))

- Q2=1Q,% . . (9340)
H/h=(5—M)(Ub—UC)+|b><C| 22
A A 0t 0
. 2%%1 . =
of —iC(0)—= sin(Qt), (66)
1°%2 OA
+le)bl—x— (59
Keeping in mind that the Rabi frequencies of the fields may C(t)=C(0)| cog Ot)+i ﬁ sin(Qt)
be presented a®=¢a (Q7=¢*a’), whereé is a dimen- Q
sional parameter anal (a") is annihilation(creation opera- Q*0
tor, we derive by using Eq59) —iB(0) 12 sin(Qt), (67)
) ) ) _ QA
n1=0'c=—0'b=—n2, (60)
where
wheren; ,=a; ,a; , is the photon number in the light pulses. , , s
Relation (60) means that a change in atomic population is S5 [Q4]°— Q| 0234 |Q24] %[ Q]
always accompanied by the same change in the photon num- A ' 2 '

ber of the electromagnetic waves interacting with the atom.

In the case of atomic accelerometer, fielisandE, are  Free evolution of the system is described by expressions
counterpropagating. The two-photon detuning is determined

by the Doppler effect due to the motion of the atoms, t
B(t)=B(0)exp —i | &(t)dt|, (68

a(t)="12%p ¢ 61 O

()= me (v, (61 t
o C(t)=C(O)ex+f 5(t)dt}. (69

where P=mv —fwy(op—oc)/c is again the generalized 0

atomic momentum that obeys to the Newtonian equation It is easy to see now that the first/2 pulse prepares

atoms in the state determined by coefficigfiip

P=Fg, (62)
v is the velocity of the atomF is a gravitational force. B :i C,=— '_ (70)
Let us now consider the transformation when the se- ! J2' ! V2

quence ofw/2-m-m7/2 pulses is applied to the atom. We
present the atomic wave function as/(t))=B(t)|b) The subsequenit pulse exchanges the state populations ac-
+C(t)|c) (|B|?+]|C|?=1) and assume thaB(0)=1 and cording to relations
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1 i _ The number of photons should exceadin the above
B,=——e'%1, C,=——e ', (71)  derivation. Therefore, the sensitivity of this scheme is
2 2 ~ Jn/N times less than that of the quantum projection noise
limited scheme. Nevertheless, the measurement scheme
might be interesting because the achievable sensitivity of
such a measurement is not a strong function of the number of
_ _ — i _ photons used. Let us estimate the minimum photon number
Bs=—cod¢,— 1), Cz=sin(¢—¢1). (72 from the condition

Here ¢;<<1 stands for the signal shift of atomic wave func-
tion

Finally, the secondr/2 pulse results in the interference of the
atomic states

0.0, 3n y \2
A T Ter A AT (76)

T 2T
b= fo s(Hydt, ¢,= L 4(t) dt. (73

In the case of a constant accelerating force acting on atorﬁ@hereA IS .the cross-sectional area of the laser beam. This
would require the total photon number on the ordernof

F,=mg, the signal phase shifth,— ¢;=AgT?wy/c de- , , M
g — 100
pends neither on the average ac-Stark shift nor on the initial’ 10" for typical state-of-the-art experimental conditions.

H \/
uncertainty of the generalized atomic momentB(®). The The t?(tal ”“rf]*.‘bef c;f atoms is generaII)f/ IIT]U?E Ile’sf? 10" .
independence on the ac-Stark shift may be easily understoquer‘_a_ore' this technique is more useful with larger atomic
if we recall that the sequence ef2-7-7/2 pulses is equiva- ¢n3|t|es and co'Ider atomlc temperatures, as can be achieved
lent to a single Zr pulse. It is easy to see that for such aW'th the Bose-Einstein condensates.

pulse only terms with quadratic ac-Stark shift are present in The sensitive detgctlon of photon numbe_r of a short pulse
the final population. is not an easy task itself. However, a specially robust tech-

Let us consider an atomic cloud consisting./dfatoms. hique proposed and reglized fpr the measurements of Qbserv—
Then, if initially the atoms are in staid), field E, of the able pa}rar'neters of opﬂcql sphtof@A] seems to be feasible
first /2 Raman pulse lose&72 photons after the interac- for achieving shot-noise limited measurements of the photon
tion, according to Eq(60). Field E;, in turn, gainsA\/2 num.ber, phase, frequency,_and position of a_Ilght p“'s?e-
photons. Therefore, a measurement of the difference of the Finally, we should mention here that the intermediate

photon number in th&, andE, fields gives us the informa- Pulse may be used for checking the “quality” of the atomic

. : P state preparation by the first/2 pulse. The absorption of
tion about the atomic number. The sensitivity of the measure oth E, and E, fields should be absent i pulse if the

ment is determined by the photon shot noise and the projec- N X
tion uncertainty of the final atomic statthf— i |c>)/21/2 and  Preparation is perfect and the atomic levels are equally popu-

may be described by the ratio lated.
E = —N ) (74 VI. CONCLUSION
N  Jn+2N

In conclusion, we propose a method for measuring the
wheren is the total number of photons in both, andE, acceleration of gravity and its gradient, using atomic spec-
pulses. In the denominator of the ratio, H4), the first  troscopy. The collective motion of an atom cloud causes a
term corresponds to the photon shot noise, while the secorieplarization rotation that can be measured to retrieve infor-
term corresponds to the atomic projection noise. mation about this motion. An optimum filtering results in a

The same type of measurement can be applied for retrieyneasurement sensitivity comparable to that of the existing
ing the information about acceleration signal. Detecting thenethod of light-pulse atom interferometry. We have also
photon number in the secontf2 pu'se’ it can be shown that shown that the measurement of absorption of I|ght pulses
the sensitivity for the acceleration measurement is detefised in light-pulse atom interferometry also provides infor-

mined by the ratio mation about the atomic acceleration as well as the number
of the atoms participating in the interaction. While the opti-
S wg , 2N mal sensitivity in this scheme requires a high atomic density,
—=—AgT" ———. (75 it offers an interesting approach that may be advantageous in
N ¢ Vn+2N other applications.

Indeed, one of the circularly polarized light pulses gains and
the other looses\Vi2— N'sin(¢,— ¢;) photons. The atomic
cloud in the initial state,|p)—i|c))/2Y2 has an uncertainty

in the population difference|f)(b|—|c)(c|) equal toAN'*2 This research was carried out by the Jet Propulsion Labo-
This uncertainty is transferred to the uncertainty in the numvatory, California Institute of Technology, under a contract
ber of photons. The photon shot noise is equa@)>for ~ with the National Aeronautics and Space Administration.
each polarization. Combining those terms we derive EqA.B.M. gratefully acknowledges stimulating and helpful dis-
(75). cussions with F. Narducci, V. A. Sautenkov, and L. J. Wang.
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